The ability of a short, charged peptide to penetrate synthetic DOPC (1,2-dioleoyl-sn-3-glycerophosphocholine) liposomes was investigated by fluorescence confocal microscopy. The peptide, termed Tat (trans-activating transcription factor), was a 14-mer derived from the region of the HIV-1 Tat protein responsible for cellular internalization. This Tat peptide was labelled at a C-terminal cysteine residue with the fluorescent probes IAF (5-iodoacetamidofluorescein) or A568 (Alexa Fluor 568). The Tat-IAF conjugate was directly observed entering liposomes at room temperature (approx. 25ЊC) in the absence of pH gradient, ATP or other energy source. The uptake of the Tat-A568 conjugate in unfixed, live HeLa cells was found to be via endocytosis, as expected. In contrast, when the peptide was attached to an IAF-labelled 25 kDa protein corresponding to the catalytic domain of Clostridium botulinum C3 exotoxin, this larger, Tat-C3-IAF construct was not able to enter liposomes, although it localized similarly to Tat-A568 in live cells. The data suggest that Tat peptide can cross synthetic bilayers spontaneously in vitro, but that size and type of cargo may limit this behaviour.
Introduction
The intriguing discovery that conjugation to small, positively charged peptides can enhance cellular uptake of a range of biologically active macromolecules has stimulated a great deal of research interest. Many of these so-called CPPs (cell-penetrating peptides) are currently being investigated as potential intracellular delivery agents for a range of therapeutic moieties (e.g. [1] [2] [3] ).
The mechanism of CPP uptake by cells is still unclear, and has been closely scrutinized. Microscopy and FACS experiments seem to show that the internalization of these peptides and their cargos takes place independently of any receptor proteins [4] . Furthermore, internalization also seems to occur at 4ЊC in the presence of inhibitors of endocytosis [5, 6] , as well as in the absence of ATP [7] . These results were initially interpreted as evidence for a spontaneous, non-endocytic membrane translocation mechanism for these peptides (for a recent review, see [8] ). However, more recently, it has been shown that these earlier experiments were compromised by artifactual data [9, 10] , and it now appears that a major route for the cellular internalization of CPPs is in fact by caveolar endocytosis [11, 12] . Negatively charged membranes and the presence of sulphated heparan sulphate proteoglycans also seem to enhance the rate of uptake as a result of electrostatic attraction between the peptides and the cell [13, 14] .
One widely used CPP of particular interest is derived from a short region of the HIV-1 Tat (trans-activating transcription factor) protein. It was shown previously that the Tat protein was able to enter cells and localize to the nucleus when added exogenously [15] . Mutagenesis studies later revealed that a 13-amino-acid region of the protein (residues 48-60) contained both the NLS (nuclear localization signal) and PTD (protein transduction domain). This 13-amino-acid sequence featured a disproportionately high number of lysine and arginine residues. Further work showed that a peptide composed of these amino acids alone, termed Tat-(48-60), exhibited the bilayer-translocating properties common to the CPP family [5, 16] , and is able to deliver various cargos to the cell (see, for example, [17, 18] ).
The mechanism by which this entry takes place remains contentious, and some of the latest experiments on the Tat peptide in live cells have suggested a role for both endocytosis and the more mysterious, non-endocytic, spontaneous transduction pathway [19, 20] . In vitro studies on a CPP derived from the Antennapedia homoeodomain and with some sequence homology with Tat-(48-60) has shown that the peptide can enter giant unilamellar liposomes (5-10 m in diameter) composed of a crude PC (L-␣-phosphatidylcholine) mixture [21] . Spontaneous bilayer translocation was observed by microscopy both into and out of the liposomes, depending on the concentration gradient. The same investigation also used small unilamellar vesicles to demonstrate that incubation with the peptide did not cause liposome leakage in the manner of the pore-forming, bilayer-associated antibiotic peptide melittin. In contrast with these results, however, a recent study did not observe a fluorescence enhancement consistent with translocation using fluorescein-labelled Tat peptide and smaller (200 nm diameter) liposomes of egg-PC containing Tb 3ϩ [22] .
Few experiments in synthetic systems have been performed, and yet a simple, single-component liposome sample may provide a good means of investigating the controversial peptide-translocation phenomena [23] . Certainly such in vitro experiments will indicate whether peptides can indeed spontaneously translocate in a lipid bilayer. In the present review, we investigate whether the Tat peptide is capable of such spontaneous translocation and how a peptide cargo affects this ability. The Tat peptide was synthesized such that an additional cysteine residue was present at the C-terminus, allowing the specific covalent attachment of the relatively small fluorescent probes IAF (5-iodoacetamidofluorescein) and A568 (Alexa Fluor 568). The behaviour of the peptide was investigated in live cells, as well as in giant (5-10 m diameter) liposomes of DOPC (1,2-dioleoyl-sn-3-glycerophosphocholine). A Tat-protein fusion construct was also studied, which consisted of the peptide linked to the 25 kDa catalytic domain of Clostridium botulinum toxin (C3) [24] . The Tat-protein construct was also fluorescently labelled.
In agreement with previous models, we show here the ability of the Tat peptide to translocate single-component synthetic bilayers, while the dominant means of internalization in live cells remains conventional endocytosis. Moreover, the Tat-protein construct cannot translocate into synthetic liposomes, suggesting a cargo size limitation.
Materials and methods

Peptide synthesis and labelling
The 14-mer NH 2 -GRKKRRQRRRPPQC-CO 2 H was synthesized by standard Fmoc (fluoren-9-ylmethoxycarbonyl) chemistry by Graham Bloomberg, University of Bristol Peptide Synthesis Facility (Bristol, U.K.). The peptide is identical with that Tat region 48-60, except for the introduction of an additional cysteine group at the C-terminus. The thiol-reactive labels 5Ј-IAF and A568 were purchased from Molecular Probes, and were conjugated to the reactive C-terminal thiol by incubation at room temperature for 4 h in 20 mM Tris/HCl, pH 8.0, with an equimolar peptide/dye ratio. The conjugate was purified further by HPLC, dried under vacuum and re-suspended to 1 mM in 50 mM potassium phosphate buffer, pH 7.8. Conjugation efficiency was Ͼ95%, as determined by the lack of an individual Tat peptide peak in the HPLC eluate.
Preparation of Tat-C3
The bacterial expression vector encoding the GST (glutathione S-transferase)-Tat-C3 fusion protein has been described previously [25] , and was a gift from Dr E. Sahai (Cancer Research UK, London, U.K.). Recombinant Tat-C3 was purified from Escherichia coli by standard methods. Briefly, E. coli BL21 cells were transformed with the vector encoding the GST-Tat-C3 fusion protein and grown to an A 600 of 0.6. Protein expression was induced by the addition of 0.1 mM IPTG (isopropyl ␤-D-thiogalactoside) for 3 h, and the bacteria were collected by centrifugation. The cells were resuspended in extraction buffer (50 mM Tris/HCl, pH 7.5, 100 mM NaCl, 1 mM sodium dithionite, 1% Triton X-100 and 0.1 mM PMSF), frozen in liquid nitrogen and broken by sonication. The protein extract was clarified by centrifugation and the GST-Tat-C3 was purified on glutathione-Sepharose. Tat-C3 was cleaved from the column as described previously [25] by incubation with 30 mM thrombin overnight at 4ЊC. The protease was then removed by incubation with p-amino-benzamidine-agarose beads.
This Tat-C3 polypeptide was found to contain a single cysteine residue, and so conjugation with thiol-reactive probes was again appropriate. Tat-C3 (400 M) was reacted with 4 mM 5Ј-IAF in 20 mM Tris/HCl, pH 8.0. Conjugated protein was separated from free dye by passage through a Pierce Minispin gel-filtration column.
Preparation of large unilamellar liposomes
Liposomes for confocal microscopy were prepared following the method of Thoren et al. [21] . DOPC (20 mg) was dissolved in 2 ml of cyclohexane, freeze-dried under vacuum in round-bottom flasks and stored at Ϫ20ЊC until required. Lipid samples were then resuspended in 50 mM potassium phosphate buffer, pH 7.8, with 1% (v/v) glycerol, and 5 l aliquots were dropped on to 3 mm coverslips. Samples were then dried by vacuum desiccation and transported to the microscope. Once mounted, 5 l of 50 mM potassium phosphate buffer, pH 7.8, with 1% (v/v) glycerol was added, and the dried lipid film was allowed to rehydrate for 5 min before use.
Confocal microscopy
Confocal microscopy was performed essentially identically for both liposome and live cell samples, using a Leica SP2 AOBS confocal microscope. In the liposome experiment, 20 l of a 20 M solution of the bilayer-staining fluorescent dye FM 4-64 (N-(3-triethylammoniumpropyl)-4-{6-[4-(diethylamino) phenyl]hexatrienyl} pyridinium dibromide) (Molecular Probes) was first added to the large unilamellar vesicle solution on the coverslip to demonstrate liposome integrity. A 5 l volume of either 1 M IAF, for Tat-less control, or 1 M Tat-IAF/Tat-C3-IAF was then added. These concentrations remained identical for the live-cell experiment, but 100 l of 1 M Tat-A568 and 1 M Tat-C3-IAF was used. Images of fluorescein and A568 were acquired using 488 nm or 543 nm excitation wavelengths respectively.
Live-cell imaging
Data were collected using a widefield fluorescence imaging system from TILL Photonics essentially as described in [26] . Human cervical carcinoma (HeLa) cells were incubated with 5 l of 1 M Tat conjugates. The temperature was maintained at 37ЊC, and images were acquired 30 min after addition of Tat peptides. Time-lapse images were acquired using sequential acquisition of individual channels.
Results
Tat-IAF, but not Tat-C3-IAF, penetrates synthetic DOPC liposomes in vitro
Confocal microscopy was used to investigate the behaviour of Tat-IAF and Tat-C3-IAF in large unilamellar liposomes (~5 m diameter) of DOPC. Figure 1 shows the results of four individual experiments. The non-specific membrane stain FM 4-64 was used to demonstrate vesicle integrity ( Figure  1A ). FM 4-64 is believed to insert into bilayers, whereupon it becomes intensely red fluorescent, with an emission maximum at 750 nm. In a separate control experiment, the cell-impermeant green fluorophore 5Ј-IAF (emission maximum 515 nm) was introduced ( Figure 1B) . The images show that the 5Ј-IAF dye alone is not able to accumulate in the internal space of the liposomes.
However, when Tat-IAF was added to similar liposomes ( Figure 1C ), the peptide-conjugated fluorophore was seen to accumulate rapidly (Ͻ1 min) within the liposomes. Staining was noted within the membrane as well as inside the liposomes themselves. After washing the liposomes, the fluorescence within them was seen to reduce slowly, although the membrane staining remained the same. In contrast, Figure 1(D) demonstrates that the introduction of the larger (Ͻ25 kDa), protein-conjugated, Tat-C3-IAF construct at approximately equivalent concentrations did not result in the transfer of fluorescence to the inside of the liposome. There was also no association with the bilayer.
Tat-A568 and Tat-C3 co-localize in unfixed HeLa cells
Widefield microscopy was used to characterize the distribution of the fluorescent constructs in live HeLa cells (Figure 2 ). Equivalent amounts of Tat-C3-IAF and Tat-A568 were added simultaneously to unfixed HeLa cells. Both of the constructs were seen to localize to similar regions, and to associate with the cell membrane, although only Tat-A568 is shown here. In particular, Tat constructs appear to aggregate in clusters around regions of the cell with significant membrane ruffling ( Figure 2B ). This might be due to previously predicted electrostatic interaction between the positively charged Tat peptide and the overall negative charge of the cell membrane.
Tat is internalized by endocytosis in HeLa cells
Time-lapse imaging showed that the fluorescent Tat constructs entered cells via fluid-phase endocytosis. Figure 3 shows that punctate structures corre- sponding to intracellular transport intermediates were clearly visible translocating through the cytoplasm. Confocal microscopy was then used to determine the cellular-uptake mechanism of Tat-IAF and images were taken every 20 s after the introduction of Tat-IAF. Figure 4 shows a post-introduction time-course with images 2 min apart, progressing sequentially from Figure  4 (A) to Figure 4(D) . No significant internalization of the construct was seen, although the expected enhanced binding in membrane regions was observed. It remains possible that internalization of the fluorescently labelled peptide occurred, but was below the limit of detection.
Discussion
The supposed ability of small, basic peptides (CPPs) to cross lipid bilayers without receptor recognition or energetic input is a field of continuing research interest (for review see [23] ). Covalent attachment of a variety of macromolecules, including proteins [18] , liposomes [17] and phages [6] to these peptides has led to the efficient delivery of these moieties in vitro and in vivo. This unusual translocation phenomenon could be usefully exploited in the design of a range of potential therapies.
Recent work has suggested that the positively charged CPPs display enhanced uptake behaviour through electrostatic interactions with cell surfaces [13, 14] , which enhances standard endocytic uptake rates [9, 10, 12] . However, other studies have continued to suggest the concurrent existence of a hitherto uncharacterized, direct transmembrane-translocation mechanism that may be used by these peptides [19] . Simple synthetic bilayer systems offer a useful opportunity to analyse any alternative bilayer-translocating phenomena in the absence of other cellular events. Such experiments are essential to confirm some of the proposed translocation mechanisms, but are currently underrepresented in the CPP literature [21, 22] . The system presented here, using large unilamellar liposomes of the zwitterionic lipid DOPC, removes any potential contribution from lipid headgroup charge, and indeed any other possible energetic input, such as pH gradient or ATP, and obviously excludes any receptor-recognition event. We used covalent fusions of a C-terminal thiolmodified Tat peptide to enable the direct visualization of the in vitro translocation process by confocal and widefield microscopy.
An observed translocation behaviour in vitro may be affected by cargo size A thioreactive fluorescein derivative, 5Ј-IAF, was seen to be internalized into liposomes only when covalently attached to the peptide ( Figures 1B and  1C ). There is also significant accumulation within the bilayer region, yet there does not appear to be any disruption of the bilayer, in agreement with previous studies [19] [20] [21] . However, when this small IAF fluorophore was replaced with a large (25 kDa) polypeptide corresponding to the active site of botulinum toxin (C3), no internalization was seen ( Figure 1D ). These results imply that the Tat peptide can cross synthetic liposomal bilayers in vitro, in the total absence of other cellular components. Moreover, penetration has a rate of influx much higher than that seen in live cells [7, 27] , being in the order of seconds rather than minutes. However, there appears to be a size limit on translocation in vitro. Further work must be performed to validate this observation, in light of the recent publications questioning the mechanism of Tat peptide uptake [9] [10] [11] [12] . However, if penetration is indeed mediated by the physical properties of the peptide, these properties could be influenced by the attachment of a large peptide group.
Two mechanisms for CPP translocation have now been suggested. The first predicts the formation of inverted micelles within the membrane due to electrostatic interactions between the positively charged peptide and negatively charged bilayer lipids [4] . These structures have a hydrophilic centre that can accommodate the peptide charge, and are able to traverse the bilayer. The second postulates an 'electroporation-like' mechanism [28] , where the asymmetric distribution of peptide across the bilayer generates a transmembrane electrical field. This alters the lateral pressure and curvature stress within the bilayer, which, at certain values, causes the bilayer to become permeable and so permit the passage of the peptide across it. Implicit in both of these ideas is that peptide translocation occurs down a concentration gradient, and that the phenomenon is potentially a reversible equilibrium process [27] .
Our data agree with both models. With regard to the first model, there will be a limit to the size of the moiety that can be accumulated within the inverted micelles. Potentially, the presence of the charged peptides at the membrane surface leads to transient dipole formation at the zwitterionic DOPC headgroups, which allows translocation via the formation of small inverted micelles. One might also postulate that the charge density at a membrane site is an important factor in instigating this process, and that peptides tethered to large proteins cannot accumulate at the bilayer surface at sufficient concentrations to induce micelle formation. The alteration of bilayer properties in the second electroporation model for spontaneous translocation could result in the bilayer becoming permeable only to cargos of a certain size or physical property (e.g. overall charge).
Accumulation of Tat-IAF within the DOPC bilayer
Tat-IAF also appears to associate with the membrane itself, as evidenced by the concentration of fluorescence at the liposome bilayer in samples in which translocation is taking place ( Figure 1C ). It might be supposed that if a peptide concentration gradient is the driving force behind penetration to the inside of the liposome, a proportion of the peptide will be trapped within the bilayer at an equilibrium state. This bilayer localization only occurs in samples that demonstrate the translocation phenomena, which suggests that the bilayer-associated peptides are more likely to represent an intermediate state rather than a partitioning event.
Tat-A568 is internalized by endocytosis in live HeLa cells
Imaging of live HeLa cells confirms reports that Tat-peptide internalization is primarily mediated by fluid-phase endocytosis in live cells (Figure 3 ). Under confocal microscopy (Figure 4) , the peptide was not found to accumulate inside cells at observable levels on short timescales. This does not necessarily rule out a role for the alternative translocation mechanism, but suggests that it is at best a secondary mechanism for entry into HeLa cells. Previous studies have shown that Tat-C3 is taken up in a similar manner [25] .
Co-localization of Tat-A568 and Tat-C3-IAF Widefield microscopy was used to demonstrate the equivalent distribution of Tat-A568 and Tat-C3-IAF in HeLa cells (Figure 2) . In both cases, the peptide conjugates were localized to equivalent regions of the cell, with particular localization in areas of membrane ruffling (i.e. of significant membrane surface area) as expected.
Comparison with previous in vitro studies
A CPP derived from the Antennapedia homoeodomain and with some sequence homology with Tat has been shown to enter giant unilamellar liposomes of 5-10 m in diameter [21] . The liposomes used in this previous study were made of a crude lipid extract, containing about 40% PC, 33% phosphatidylethanolamine, 14% phosphatidylinositol, 5% lyso-PC and 4% cardiolipin. This should be compared with the pure (Ͼ95%) DOPC liposomes used here.
However, in a second and more recent study using egg-PC at 200 nm diameter, no entry of a fluorescently labelled TAT-(44-57) was observed [22] . This work used a novel assay involving Tb 3ϩ -containing liposomes, whereby the fluorescence of the label is enhanced by reaction with Tb 3ϩ after bilayer translocation, and no translocation event was observed. We have also tried sim- 
Conclusions
We demonstrate the successful in vitro bilayer translocation of Tat peptide conjugates into single-component, small DOPC liposomes. Interestingly, we observed a size limitation on the cargo that can be translocated into such liposomes. The conjugates are internalized into unfixed HeLa cells by fluid-phase endocytosis, and are localized to membrane ruffles at the periphery of the cells. This work contributes to the ongoing debate regarding a possible spontaneous bilayer translocation mechanism for CPPs.
